ABSTRACT DV UMa is an eclipsing dwarf nova with an orbital period of ∼ 2.06 h, which lies just at the bottom edge of the period gap. To detect its orbital period changes we present 12 new mid-eclipse times by using our CCD photometric data and archival data. Combining with the published mid-eclipse times in quiescence, spanning ∼ 30 yr, the latest version of the O − C diagram was obtained and analyzed. The best fit to those available eclipse timings shows that the orbital period of DV UMa is undergoing a cyclic oscillation with a period of 17.58(±0.52) yr and an amplitude of 71.1(±6.7) s. The periodic variation most likely arises from the light-travel-time effect via the presence of a circumbinary object because the required energy to drive the Applegate mechanism is too high in this system. The mass of the unseen companion was derived as M 3 sin i ′ = 0.025(±0.004)M ⊙ . If the third body is in the orbital plane (i.e. i ′ = i = 82.9
Introduction
Cataclysmic variables (CVs) are short-period binaries containing a white dwarf and a low-mass donor star that is transferring material to the white dwarf via an accretion disc (Warner 1995) . The structure of CVs allows precise timing measurements because the components have large differences in radius and luminosity (e.g. Parsons et al. 2010) . The timing measurements offer important clues concerning the long-term evolution of orbital periods and the existence of circumbinary substellar objects. By analyzing the observed−calculated (O − C) curve of these systems, the orbital period and its rate of change can be measured. The secular change of the O − C curve can provide key information on the evolution of CVs . Moreover, if there is a third body orbiting the close binary system, it will cause a small wobble cyclically in the timing of eclipses. More specifically, if the presence of a third body, then the binary system and companion revolve around their common barycenter. The observed times of eclipses while the system is on the near side of the larger orbit will be detected sooner than on the far side. This will lead to alternating variations of the observed eclipse timings, which is often referred to as the light−travel−time (LTT) effect. The LTT shows a periodic variation in O − C diagram. The timing method has recently been used to detect possible extrasolar planets around CVs such as V2051 Oph , Z Cha (Dai et al. 2009 ), OY Car and V893 Sco (Bruch 2014) .
As a member of the dwarf nova-type CVs, DV UMa was first discovered as an ultraviolet excess object by Usher et al. (1982) . Subsequently, this star was identified as a candidate dwarf nova based on the observed outburst phenomena and the Hα emission line in optical spectra (Usher et al. 1983) . Howell et al. (1987) presented photometric observations, which showed large brightness changes on a shorter time-scale. Further photometric observations by Howell et al. (1988) revealed that DV UMa is an eclipsing system, and its orbital period was estimated as 0.08579(1) d. The system parameters were derived by Howell & Blanton (1993) using photometric analysis and by Szkody & Howell (1993) using time-resolved spectroscopy. After that, these parameters have been improved to give higher precision (e.g. Patterson et al. 2000 , Feline et al. 2004 and Savoury et al. 2011 ). However, we still know little about its evolution and period changes. Although mid-eclipse times of DV UMa have been published in the literature and the orbital ephemeris has been updated by several authors, no sign of orbital period change was found (Howell et al. 1988 , Patterson et al. 2000 , Nogami et al. 2001 , Feline et al. 2004 . In the present paper, we present new CCD photometric observations of DV UMa and detect a cyclic variation in the O − C diagram. Then the presence of a substellar companion is discussed.
Observations and data preparation
New CCD photometric observations of DV UMa were carried out by using three different telescopes. Beginning on 2009 November 12, this star was continuously monitored with the 2.4−m telescope at the Lijiang observational station of Yunnan Observatories (YNAO). To get more data for this binary, an observation was made on 29 March, 2016 with an Andor DW436 1K CCD camera mounted on the 85−cm reflecting telescope at the XingLong station of the National Astronomical Observatory, and another observation made on 23 January, 2017 with an Andor DW936 2K CCD camera attached to the 1.0−m reflecting telescope at YNAO. During the observations, no filters were used, in order to improve the time resolution. All observed CCD images were analyzed by applying the aperture photometry package of IRAF. Differential photometry was performed, with a nearby non-variable comparison star. Four eclipse profiles observed with the 2.4−m and 1.0−m are displayed in Fig. 1 . To measure the mid−eclipse times (T mid ) of the white dwarf we use the method described by Wood et al. (1985) . First, the mid−ingress (T i ) and mid−egress times (T e ) of the white dwarf were determined by locating the maximum and minimum values of the derivative of the light curves. Then the mid−eclipse times were derived by using T mid = (T i + T e )/2. The procedure of measuring T mid is illustrated in Fig. 2 . It is important to note that only data during quiescence were used to determine the mid−eclipse times, because the system in outburst is dominated by the accretion disc, and the T i and T e of the white dwarf are not clearly identified in the derivative curve. But during quiescence the ingress and egress times of the white dwarf are stable features. As shown in Fig. 2 , the white dwarf and brightspot ingress and egress are both clear and distinct. With our data, eight mid−eclipse times were obtained. The errors are the standard errors in measuring mid-eclipse times, and they depend on the time resolution and signal-to-noise ratio during observations. Apart from our data, four mid-eclipse times during quiescence were also determined with the observations from American Association of Variable Star Observers (AAVSO). By checking the AAVSO database we find that their observations contain many eclipsing light curves. Moreover, the long-term AAVSO data will help to confirm whether this star is in outburst or not. These new mid−eclipse times and their errors were listed in Table 1 .
Mid-eclipse times of DV UMa also have been published in the literatures by several previous authors. Howell et al. (1988) first reported twelve mid−eclipse times and given an orbital ephemeris. Later, Patterson et al. (2000) updated the orbital ephemeris by adding twelve mid−eclipse times. After just one year, the ephemeris was revised again by Nogami et al. (2001) . A recent version of the orbital ephemeris was determined by Feline et al. (2004) . However, not all published data are suitable for the period analyses. For instance, some mid−eclipse times during outbursts should be excluded. Based on the observations of the outbursts reported by Patterson et al. (2000) and Nogami et al. (2001) , the mid−eclipse times during outbursts can be separated from these historical data. These data and related information are also given in Table 1 
Eclipse timing variation and analysis
The orbital period of DV UMa was investigated by previous authors but no sign of any period change was found. Based on the discussion in Section 2, only the mid−eclipse times in quiescence are used for the present analysis. The updated O − C diagram is shown in Fig. 4 . First of all, we represent the O − C curve by a linear least-squares fit. However, the linear ephemeris cannot sufficiently represent all observed timings and the residuals from it seem to show an apparent periodic oscillation. In general, the LTT via the presence of a circumbinary companion can be considered to be a possible cause of this oscillation (Irwin 1952). Therefore, the best-fitting model for O − C diagram may be represented as
sin(ν+ω) 1+e cos ν + e sin ω]
where ∆T 0 and ∆P 0 are the revised epoch and period. ν is the true anomaly, E * is the eccentric anomaly, e is the orbital eccentricity and K = a 12 sin i ′ /c is the semi-amplitude of the LTT. To solve Equation (1), we used the two correlations: and
N is the mean anomaly and t is the time of light minimum. In the process of fitting, the weighted least-squares method was used and the different weights were assigned to the different errors: the weights of 1, 5, 10 and 40 corresponding to the errors of 0.0005 d, 0.0002 d, 0.0001 d and 0.00005 d, respectively. All parameters and final results are summarized in Table 2 . The parameter errors are purely formal computed from the best-fitting covariance matrix. The residual sum of squares (RSS) is ∼ 0.00001, indicating that the fit is very well.
Our result shows that the orbital period of DV UMa has a cyclic variation with an amplitude of ∼ 71.1(±6.7) s and a period of ∼ 17.58(±0.52) years. In the upper panel of 
Discussions and conclusions
The main result in this paper is that the periodic variation in the orbital period of DV UMa is first detected and analyzed. To explain the cyclic period oscillations in close binaries containing at least one cool star, one of the plausible causes is a solar-type magnetic activity cycle in the late-type component (Applegate 1992) . However, the Applegate mechanism may not work here because the donor in DV UMa is a fully convective main sequence star, its mass M 2 = 0.196(±0.005)M ⊙ (Savoury et al. 2011) . Moreover, the required energies to produce the observed change were computed using the same method proposed by Brinkworth et al. (2006) . The result indicates that the required minimum energy is much larger than the total energy radiated from the secondary star in a whole cycle (see Fig. 6 ). Combining the parameters (M 1 = 1.098M ⊙ , M 2 = 0.196M ⊙ ) presented by Savoury et al. (2011) with Kepler's third law we derived the orbital separation as a = 0.89R ⊙ . Applying T 2 = 3170K for the donor of ∼ 0.196M ⊙ , its luminosity can be estimated as L 2 = (
Further, the Applegate mechanism has been studied in depth by Völschow et al. (2016) and an improved Applegate model also has been explored. They concluded that an ideal Applegate post-common-envelope binary (PCEB) should consist of a very close orbit (∼ 0.5R ⊙ ) and a secondary star of ∼ 0.5M ⊙ . The Applegate mechanism is more feasible for a much larger donor mass than is present here. Clearly, DV UMa can not satisfy any of those conditions. Therefore, we suggest that the Applegate mechanism may not be responsible for this cyclic change. The most likely interpretation of the period oscillation is the LTT via the presence of an unseen companion. But this conclusion dose not deny the presence of magnetic activity in the secondary star. On the contrary, this only implies that the magnetic activity is not the dominant mechanism here because it can not provide enough energy to produce the observed period variation.
The parameters of the best-fitting model (see Table 2 ), coupled with the absolute parameters determined by Savoury et al. 2011, lead to the mass function and the mass of the tertiary companion as f (m) = 9.36(±2.61) × 10 −6 M ⊙ and M 3 sin i ′ = 0.025(±0.004)M ⊙ . Assuming a random distribution of orbital plane inclinations, when i ′ ≥ 20.9
• , the mass corresponds to 0.025 ≤ M 3 ≤ 0.07M ⊙ , which would match to a brown dwarf. However, the circumbinary companions are expected to be coplanar to the orbital plane of the eclipsing pair (Bonnell & Bate 1994) . So, if the third body orbiting DV UMa is on a coplanar orbit (i.e. i ′ = i = 82.9
• ), the mass is derived as M 3 = 0.0252M ⊙ , it would be a brown dwarf. The orbital radius d 3 of the tertiary companion is ∼ 8.6(±1.6) AU (when i ′ = 90 • ).
So far, only a few brown dwarfs orbiting single white dwarfs were discovered by several previous authors (e.g. Becklin & Zuckerman 1988; Farihi & Christopher 2004; Dobbie et al. 2005; Burleigh et al. 2006; Maxted et al. 2006) . But in comparison with single white dwarfs, the brown dwarfs around the white dwarf binaries are more rare. Recently, only two white dwarf binaries were reported containing the brown dwarf companions, i.e. V471 Tau (Guinan & Ribas 2001) and SDSS J143547 (Qian et al. 2016) . Also note that the brown dwarf companion in V471 Tau was excluded by Hardy et al. (2015) but a new study agrees with the presence of a brown dwarf companion (Vaccaro et al. 2015) . Moreover, some possible planets orbiting the eclipsing CVs or pre-CVs were also presented such as V893 Sco (Bruch 2014) , V2051 Oph , OY Car , DP Leo Beuermann et al. 2011) , HU Aqr (Qian et al. 2011; Goździewski et al. 2015) , UZ For Potter et al. 2011 ) and NN Ser (Marsh et al. 2014) . These discoveries suggest that the PCEBs may be one of the most common host stars. The origins of substellar objects are very complex: they may have existed before the common-envelope (CE) event (first generation) (e.g. Qian et al. 2016 ), or they may be second generation planets (or brown dwarfs) formed during the CE phase (e.g. Völschow et al. 2014) . If they are the first generation companions, their masses might be increased by accreting a large amount of material during the CE stage, and more massive planets could become brown dwarf companions. But it is difficult to distinguish between the two types of substellar populations at present. The discovery of a potential brown dwarf orbiting DV UMa may shed new light on our understanding of the origin and the evolution of the circumbinary substellar objects. As yet, however, the data coverage on DV UMa is less than two cycles of the cyclic change. Further observations are critically required to ascertain whether the observed oscillation is strictly periodic, or only quasi-periodic. This work is supported by the Chinese Natural Science Foundation (Grant Nos. 11325315, 11611530685, 11573063 and 11133007) , the Strategic Priority Research Program "The Emergence of Cosmological Structure" of the Chinese Academy of Sciences (Grant Nos. XDB09010202) and the Science Foundation of Yunnan Province (Grant Nos. 2012HC011). This study is supported by the Russian Foundation for Basic Research (project Nos. 17-52-53200). New CCD photometric observations of DV UMa were obtained with the 1m and the 2.4m telescopes at the Yunnan Observatories, the 85cm telescope in Xinglong Observation base in China. We thank the numerous observers worldwide who contributed many observations of DV UMa to the AAVSO database. Finally, we thank the referee for an insightful report that has significantly improved the paper.
